The main objective of this research is to regionalize the sediment rating curve (SRC) for subsequent sediment yield prediction in ungauged catchments (UCs) in the Lower Mekong Basin. Firstly, a power function-based SRC was fitted for 17 catchments located in different parts of the basin. According to physical characteristics of the fitted SRCs, the sediment amount observed at the catchment outlets is mainly transported by several events. This also indicates that clockwise hysteretic phenomenon of sediment transport is rather important in this basin. Secondly, after discarding two outlier catchments due to data uncertainty, the remaining 15 catchments were accounted for the assessment of model performance in UCs by means of jack-knife procedure. The model regionalization was conducted using spatial proximity approach. As a result of comparative study, the spatial proximity approach based on single donor catchment provides a better regionalization solution than the one based on multiple donor catchments. By considering the ideal alternative, a satisfactory result was obtained in almost all the modeled catchments. Finally, a regional model which is a combination of the 15 locally fitted SRCs was established for use in the basin. The model users can check the probability that the prediction results are satisfactory using the designed probability curve.
INTRODUCTION
Sediment-observed data are lacking in many basins of the world, especially in developing and remote regions, due to institutional budget constraint (expensive observation), technical matter (difficult to measure, unfriendly samplers), etc.
Although sediment is gauged in some areas, the sampling frequency is usually low (monthly or larger time scale). In most cases, only suspended load is measured and measurements of bed load transport are lacking. However, the suspended portion is predominant (Lu et al. ) and commonly account for about 90% of the total sediment flux (Walling & Fang ) . Therefore, ungauged catchment (UC) in terms of sediment data is interesting.
As the finest fraction of suspended sediment load is often a wash load, it cannot be predicted well using stream power related sediment transport models (Asselman ; Warrick & Rubin ) . Alternatively, empirical/data-driven techniques, e.g. sediment rating curve (SRC), are often taken into consideration (Jain ; Tayfur & Karimi ) . SRC is an average relationship between discharge and sediment. It is commonly represented by power function. SRC is an important tool for the study of catchment hydrology. It can be applied to estimate sediment yield with known discharge (Zhang et al. ; Rosen & Xu ) . Moreover, the rating curve itself informs physically the behavior of sediment ero- Another technique is parameter averaging in which parameter values of the target UC is computed as the mean of parameters from many donor catchments.
The main focus of this paper is to regionalize SRC for subsequent suspended sediment yield (SSY) prediction in UCs in the Lower Mekong Basin (LMB). The specific objectives are (1) to extract physical information containing in the locally fitted SRCs, (2) to evaluate the performance of SRC in predicting SSY in UCs, and (3) to compare the efficiency of the spatial proximity regionalization approach based on single and multiple donor catchments. Seventeen catchments are taken into account for the study. UC here refers to catchments having no sediment-observed data.
MATERIALS AND METHODS

Study area
The LMB covers about three quarters of the whole Mekong 
Sediment rating curve
The power form of SRC considered in this study is represented by
where SSY (t day -1 km -2 ) is the monthly SSY and Q (m and b represents an index of river erosive and transport power.
Spatial proximity approach
The regionalization based on spatial proximity was applied 
where m is the number of donor catchments and θ i is the vector of parameters for donor catchment i. Option 2 is the parameter averaging in which SSY for month j was computed as
It is noted that both options are the same where m is equal to unity. This particular condition is equivalent to the first alternative, regionalization based on single donor catchment.
Catchment similarity approach
The catchment similarity-based regionalization approach was also tested so as to confirm its inferiority to the spatial proximity method. Here, the gauged catchment with the most similar characteristics to the target UC in terms of catchment descriptors was chosen as the donor catchment.
The rationale of this approach is that catchments with similar attributes should behave similarly.
Four catchment descriptors ( UC was assigned rank 1, the second most similar one was assigned rank 2, and so on. When multiple descriptors were applied, the ranks of the donor catchment for each descriptor were used to compute a mean rank. The catchment corresponding to the smallest value of the mean rank was then chosen as the donor catchment. It should be noted that each catchment descriptor has the same weight in this ranking system.
Model evaluation
As recommended by Moriasi et al. () , the model performance was evaluated by three statistical measures:
Nash-Sutcliffe efficiency (NSE), percent bias (PBIAS), and ratio of the root mean square error to the standard deviation of observed data (RSR). For sediment modeling (monthly time step), the predictive accuracy can be judged as satisfactory in the case of NSE > 0.50, -55% < PBIAS <55% and RSR 0.70. NSE, PBIAS and RSR were calculated as
where O is the observed SSY with the mean value O avg , P is the predicted SSY, RMSE is the root mean square error and SD O is the standard deviation of the observed SSY.
RESULTS AND DISCUSSION Fitted SRCs and their implications
The SRC of each catchment was fitted using the entire dataset available in each catchment and the results are summarized in Table 2 . All SRCs exhibit a relatively good relation between Q and SSY with determination coefficient a-value). On the other hand, CAT16 has the steepest rating curve (Figure 3(c) ) with the maximum value of Q a and SSY a and this reveals that the erosive power to erode soil particles during high flow periods is significant. The topographic feature in CAT16 is mountainous (S ¼ 37.95%), reflecting the presence of steep river channels which produce high unit stream power with the potential for riverbed erosion and sediment transport (high b-value).
Located in the Northern Highlands of Lao PDR, this catchment is covered mostly by forest, indicating low soil erodibility (low a-value).
The shapes (convex, linear and concave) of SRC could also be employed to infer specific hydrological factors/processes (Horowitz ). In this case study, there are no convex rating curves observed in all 17 catchments and this indicates that the river flows are not sediment-starved.
It is suggested that the data used to construct SRCs have 
Calibration results
In the calibration stage, the fitted rating curve of each catchment (local SRC) was applied to estimate SSY in the same catchment (site-specific calibration) and its performance measured statistically by NSE, PBIAS and RSR is presented in conducted using SRC because the model generally fails to encompass the entire events (Horowitz ; Zhang et al.
).
Prediction in UCs
The predictive accuracy in UCs was evaluated by jack-knife validation in which each gauged (modeled) catchment was in turn regarded as ungauged.
Spatial proximity approach
For the single donor catchment alternative, Consequently, data uncertainty in CAT7 and CAT15 might be the main problem in this regard. As mentioned earlier, the sampling frequency of SSC is relatively low. Hence, in these two catchments, some measurements during extreme events (large amount of sediment transport) might be missed and this possibly causes a large error in generating the SSY datasets. The use of different sampling techniques in these specific sites could be a reason as well. To confirm, both CAT7 and CAT15 were suspended from the analysis.
As the results in Table 3 show (using 15 catchments), the predictive accuracy in CAT6, CAT11 and CAT13 is improved significantly with new donor catchments and it also passes the minimum satisfactory criteria (NSE > 0.50, -55% < PBIAS < 55% and RSR 0.70). Accordingly, CAT7 and CAT15 were considered as outlier catchments and discarded from the study. This is due to the lower a-and higher b-value of the donor catchment. This condition is found similarly in CAT3, CAT6, CAT9, CAT14 and CAT17. The reverse condition is observed in other remaining catchments.
Spatial proximity versus catchment similarity approach
In the catchment similarity approach, CAT7 and CAT15 were also excluded from the analysis. By applying this method, the predictive accuracy is statistically summarized in Table 4 The following sections present exclusively the analyses with regard to the spatial proximity approach.
Multiple donor catchments
The model performance for each case and option is listed in Table 5 . For the output averaging option, the predictive accuracies are comparable among the first four cases 
Output averaging versus parameter averaging option
There is no clear trend in judging which option is better than another. In terms of median NSE and RSR (Table 5) , output averaging provides somewhat better results than parameter averaging in cases 2 and 4 but rather worse in cases 1, 3
and 5. In terms of median PBIAS, the output averaging option is relatively inferior to the parameter averaging one for all cases. However, the number of satisfactorily modeled catchments is slightly more numerous in the case of output averaging. If comparing the model efficiency catchment by catchment (Table 6) , the parameter averaging option in general provides a larger amount of better modeled catchments. showed that the output average option is slightly more efficient because it employs the entire parameter set of the locally calibrated models.
Single versus multiple donor catchments
As shown in NSE 0-15-0 2 -3-3 3 -6-4 3 -6-6 4 -2-9 6 -0-9
First value is the number of catchments where the output averaging option performs better; second value is the number of catchments where the output averaging and parameter averaging option perform equally; third value is the number of catchments where the parameter averaging option performs better. Another technique which could similarly support the application of the regional SSY model is the probability curve of predictive accuracy. It is a relationship between D and the chance of obtaining satisfactory results (ratio of the number of satisfactorily modeled catchment to the total number of modeled catchments). The 210-sample size determined earlier was also used in this case. Figure 5 depicts the probability curve of predictive accuracy with respect to NSE > 0.50, -55% < PBIAS < 55% and RSR
(satisfactory model result). Explicit trend (R
is observed. The probability of obtaining a satisfactory result decreases with an increase in D value. The designed probability curve is so informative for the model users in measuring the possible predictive accuracy.
CONCLUSIONS
A power function-based SRC was fitted for 17 sites located in different parts of the LMB. The physical features of the fitted SRCs indicate that the eroded soil particles generally re-deposit and they might be transported to reach catchment outlets by several events. This suggests that clockwise hysteretic phenomenon of sediment transport is rather important in this basin.
The fitted SRCs were afterward applied to estimate SSY in UCs. Data uncertainty provoked extremely poor results in two catchments which were thus excluded from the analysis.
The spatial proximity approach based on single donor catchment provides better regionalization solution than the one based on multiple donor catchments. By using the ideal alternative, a satisfactory result was obtained in almost all the modeled catchments and the predictive accuracy in term of median NSE, PBIAS and RSR is about 0.63, 20.03% and 0.61, respectively. We presently conclude that the simple SRC model is applicable in modeling SSY in UCs. However, there could be some uncertainties in the overall analysis because only 15 catchments were taken into consideration. Therefore, the findings in this paper remain debatable by future studies using a larger amount of catchments.
Last but not least, the established regional SSY model, which is a combination of the 15 locally calibrated SRCs, can be considered as a feasible tool in solving sedimentungauged issues in the LMB. It is useful during the preliminary and feasibility study stage of water-related development projects while available data are generally very limited.
